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ABSTRACT

The equilibration period is essential for sperm to adjust to the diluent,
thereby preventing severe damage during cryopreservation. The elevation of lipid
peroxidation during equilibration, indicating potential oxidative stress
involvement, underscores the importance of optimizing equilibration protocols to
minimize the detrimental effects of free radical production on sperm quality. This
study aims to investigate the supplementation effect of adding ubiquinone to
semen diluent on the membrane integrity, motility, and survivability of goat
spermatozoa following an hour of equilibration. Ubiquinone supplementation was
administered at varying doses: Group 2 (B) received 5 mg/dL, Group 3 (C)
received 10 mg/dL, Group 4 (D) received 15 mg/dL, Group 5 (E) received 20
mg/dL, and Group 6 (F) received 25 mg/dL. Group A served as the negative
control. Following one-way ANOVA examination of the research data, additional
Duncan tests were conducted. The study results revealed that ubiquinone addition
significantly (p<0.05) affected the percentage of motility, viability, and membrane
integrity of Kacang goat spermatozoa after one hour of equilibration. According to
statistical analysis, the optimal concentration of ubiquinone in egg yolk skim milk
to sustain motility is 12.5 mg/dL. Conversely, the most effective concentration for
preserving the viability and membrane integrity of Kacang goat spermatozoa
following equilibration is 25 mg/dL. In conclusion, the addition of ubiquinone to
the frozen semen diluent maintains the stability of Kacang goat spermatozoa
quality after equilibration.

Key words: spermatozoa, equilibration, semen diluter, motility, viability,
membrane integrity

Introduction

Equilibration is the time required for spermatozoa to adjust to the diluent
prior to freezing, preventing severe damage. This is why sperm equilibration plays
a crucial role in assisted reproductive technologies for enhancing fertilization
success and sperm function (Almeida et al, 2016). During sperm equilibration, the
sperm cells are allowed to acclimate to the new environment, which helps
optimize their function and increases the chances of successful fertilization.
Furthermore, studies have shown that the duration of equilibration time greatly
influences sperm motility and post-thaw survival rates (Malkova et al., 2023). By
allowing sufficient time for equilibration, sperm membranes can undergo repairs
and protective mechanisms can be activated, resulting in reduced damage during
the freezing-thaw. The equilibration period during the freezing of semen varies
depending on individuals, the type of semen, diluent used, and the method of

spermatozoa freezing (Bintara et al., 2021).
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The mechanism by which equilibration impacts sperm quality is currently
unknown. The first loss in sperm quality happens during the equilibration phase,
which is amplified throughout the spermatozoa freezing process, which involves
several significant temperature decreases (Priyanto et al., 2015). Nonetheless,
balancing is thought to play a crucial role in preventing sperm membrane damage
by protecting membrane components like cholesterol and mitochondrial
membranes. It also helps prepare the sperm plasma membrane for low
temperatures with an aim to maintain viability during cryopreservation (Vozaf et
al., 2021).

Spermatozoa lose motility during the equilibration phase of the frozen
semen production process because of the production of lactic acid from metabolic
waste, which can lower pH levels and make the environment hazardous to
spermatozoa (Figih et al., 2021). Prolonged equilibration periods may lead to
sperm viability being significantly reduced due to damage to the spermatozoa
plasma membrane. In addition, it may have an impact on the permeability of cell
walls, which could result in sperm losing their motility. Throughout the
equilibration process, variations in the amounts of internal and external fluid
cause changes in the osmotic pressure of cells. This may lead to damage to cell
membranes and the rupture of the lipoprotein envelope, perhaps resulting in
aberrant spermatozoa.

Moreover, the elevation of lipid peroxidation during equilibration,
indicating a potential involvement of oxidative stress, emphasizes the significance
of optimizing equilibration protocols to minimize the detrimental effects of free
radical production on sperm quality (Malkova et al., 2023). Understanding the
impact of equilibration time on free radical production and the antioxidant
capacity of sperm is pivotal in developing strategies to mitigate oxidative stress
and preserve sperm function during freezing and thawing processes. Sperm
membrane is also vulnerable during equilibration due to the exposure to cold
temperatures and the potential generation of superoxide, which can lead to
peroxidation and damage to the phospholipid membrane. This makes it highly
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dependent on the dilution content and integrity of the spermatozoa membrane
during the equilibration process (Muhammad et al., 2020).

Optimizing equilibration protocols is paramount during the generation of
frozen semen due to the urgent need to safeguard sperm viability and quality.
During this critical period, sperm can adapt to the diluent environment, effectively
preventing severe damage during the cryopreservation process (Benko et al.,
2022). Failure to optimize equilibration protocols can lead to increased lipid
peroxidation, indicating heightened oxidative stress, which significantly
compromises sperm quality (Peris-Frau et al., 2020). Thus, the urgency lies in
minimizing the detrimental effects of free radical production on sperm viability
and functionality by refining equilibration procedures.

The role of nutrient content in the extender used during equilibration
cannot be overstated (Muhammad et al., 2020). The availability of essential
nutrients in the extender is vital for providing the necessary support for sperm
viability and overall functionality during equilibration. This aspect underscores
the importance of carefully formulating extenders to ensure the optimal
environment for sperm acclimatization and preservation.

According to a number of studies (Appiah et al., 2020; Sharideh et al.,
2019; Yousefian et al., 2018), supplementing the diluent can preserve the integrity
of sperm cell membranes while also boosting motility, viability, and plasma
membrane integrity. According to research published in 2016 by Saeed et al., the
best dose for boosting motility, viability, and membrane integrity in post-
equilibration buffalo and cow spermatozoa is antioxidant supplementation added
to the diluent. This also reduces the number of abnormalities and protects against
acrosome damage.

Like vitamins, ubiquinone is a fat-soluble molecule that is produced by
mitochondria. Ubiquinone is also known as ubiquinone because it has a quinone
group in its structure and is found in many kinds of cells, including plant and
animal cells. When ubiquinone is intentionally added to the process of repairing
cell damage caused by oxidative stress, it outperforms other antioxidants in this

regard. Furthermore, ubiquinone has potent antioxidant qualities that allow it to
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defeat cellular antioxidants in the defense against ROS (EI-Sherbiny et al., 2022).
Therefore, the purpose of this study is to ascertain how adding the antioxidant
ubiquinone affects the membrane integrity, motility, and survivability of goat
spermatozoa following equilibration.

Methods

The study has ethical permission and was conducted in August-November
of 2023 at the Teaching Farm of the Faculty of Veterinary Medicine, Airlangga
University, provided the samples of goat semen using artificial vagina, processing
frozen semen, and analyzing the motility, viability, and membrane integrity of
goat spermatozoa following equilibration using CASA software.

Fresh semen from a single Kacang goat, approximately two years old, was
utilized as the sample. The goat's motility of fresh semen reached a minimum of
70%, indicating high fertility. The collected semen goes through several steps,
such as dilution, cooling, and pre-freezing. Following that, at the Teaching Farm,
Faculty of Veterinary Medicine, Airlangga University, CASA software is used to

examine the motility and viability of spermatozoa.

Tools and materials

An artificial vagina, a cement storage container, a refrigerator, aluminum
foil, analytical scales, beakers, magnetic stirrers, cover glass, hemocytometer, pH
indicator paper, incubator, glassware, glass stick, water bath, heater, filter paper,
filling, sealing, cool-top, straw rack, container freezing, sterile equipment, and a
Windows XP computer with CASA software are among the tools used in this
research. Vaginal gel, fresh goat bean semen, penicillin 100,000 U, streptomycin
1 mg, egg yolk, fructose, glycerol 12%, glucose 2%, NaCl 0,9%, eosin-negrosine
dye, ubiquinone (Nutrilab, USA), and Aquades were the components used in this
study.

Frozen Semen Preparation

Egg yolk skim milk was used to generate the diluter in this study, which
was then split into diluter A and B. In diluter A, ubiquinone supplementation was

combined under the circumstances as follows: The groups with the following
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supplementation doses: Group 2 (B) received a dose of 5 mg/dL; Group 3 (C)
received a dose of 10 mg/dL; Group 4 (D) received a dose of 15 mg/dL; Group 5
(E) received a dose of 20 mg/dL; and Group 6 (F) received a dose of 25 mg/dL.
Group A was the negative control group.

Examination of Spermatozoa Quality Post-Equilibration

According to Tethool et al. (2022), spermatozoa motility strongly related
to membrane integrity, intracellular metabolic activity, and cell survival.
Observing individual spermatozoa's motility requires utilizing a cover glass and a
microscope with a 100x magnification. Computerized Assisted Semen Analysis
(CASA) software was used to automatically track spermatozoa motility. Based on
Ratnawati and Isnaini (2017), the evaluation of spermatozoa motility with the use
of CASA produced more precise, impartial, consistent, and reproducible results.

Because spermatozoa viability and semen quality are interrelated,
spermatozoa viability also serves as a determining indicator of semen quality.
Spermatozoa membrane structure can be inferred from an examination of
spermatozoa viability. The strength of the spermatozoa plasma membrane
determines motility, which is associated with viability (Prastika et al., 2018). After
equilibration, a 2% eosin-negrosin dye solution was added and dripped onto a
sterile glass item to conduct a viability analysis. In order to determine the
percentage of spermatozoa viability in Kacang goats, the viability of spermatozoa
was directly calculated using a light microscope with a 400x magnification. This
was combined with CASA to provide data in the form of percent (%).

Evaluation of membrane stability refers to the assessment of the
spermatozoa membrane's integrity, which is crucial for regulating the
spermatozoa's motility, viability, and transport system (Suryaningsih et al., 2020).
The Hypo Osmotic Swelling Test (HOST) is used to examine the membrane
integrity of spermatozoa. The total integrity of spermatozoa is then calculated
using a light microscope with a 400x magnification that has been integrated with
CASA software. The results are then obtained in the form of percent (%).

Stastical Analysis
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The data analyzed is a comparison of all treatment groups based on the
percentage of motility, viability and membrane integrity of the Kacang goat
spermatozoa. The statistical analysis of the data involved conducting a
homogeneity test followed by a One-way ANOVA using SPSS software version
29, then proceed with further tests using Duncan's multiple range test.

Result
Fresh Semen Evaluation

The volume, odor, color, pH, consistency and other macroscopic
characteristics are examined to determine the suitability of fresh semen. In the
meantime,  supporting equipment like  microscopes, glass objects,
spectrophotometers and micropipettes are utilized for the microscopic evaluation
of fresh semen. Table 1 displays the quality of fresh semen obtained based on the
examination results in this study. The data analysis report compares the different
treatment groups of Kacang goat spermatozoa based on their percentage of

motility, viability, and sperm concentration.
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Table 1. Results of the fresh semen quality inspection from Kacang goats

Parameters Rresults
Volume (mL) 0,8 mL
Odor normal
pH 7.1
Viscosity \ery viscous
Colour normal
Mass Motility ++
Individual Motility (%)/ 8206/ 3
speed
Viability (%) 88%

Concentration

(spermatozoa/ml) 2.200 million/mL

The analysis of the data revealed that the Kacang goat spermatozoa in this
study exhibited high percentages of motility (82%) and viability (88%). The
results of this research were higher than the percentage of fresh semen motility of
Kacang goats according to (Kusumawati, 2022), namely 70%. The fresh semen
viability average in this research was 88%, which exceeded the findings of
Rokana et al., ranging from 83.38% to 88.94%. Based on the quality parameters
of fresh semen tested and literature comparisons, the fresh semen from Kacang
goats meets the feasibility criteria for making frozen semen.

Results of Observation of Kacang Goat Spermatozoa Motility After
Equilibration

The motility of individual spermatozoa is best characterized by
progressive or forward movement. The spermatozoa often experience cold shock,
leading to backward or circular motion. Old semen is characterized by oscillatory
movements, such as swinging or rotating in place. If many spermatozoa
experience necrospermia or stop moving, this indicates that the spermatozoa are

dead and no longer viable. Additionally, it can be inferred from various research
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studies that fresh semen quality is an important factor in determining viability for
processing into liquid or frozen semen. The robust forward movement of sperm
cells is a crucial parameter in assessing the sperm population (Susilawati, 2011).
The results of this study aimed to compare the percentage of progressive
motility of post-equilibration peanut goat spermatozoa given egg yolk skim milk
diluent and added with ubiquinone at different concentrations. It is important to
note that Kacang goat sperm is susceptible to cold temperature stress, resulting in
a significant decrease in progressive motility after storage at 5°C, further
emphasizing the need for careful handling and processing techniques.
Additionally, maintaining a concentration of spermatozoa as per established
standards will be crucial for ensuring high-quality semen production. Fresh
cement that had been added to several different concentration treatments was
subjected to post-equilibration observations. The results of these observations can
be seen in Table 2.
Table 2. Kacang Goat Spermatozoa Percentage of Motility Results Following One

Hour of Equilibration

Groups (ubigquinone mg/dL) N Average motility (%) £ SD
A (0 mg/dL) 5 63,6 £ 1,372
B (5 mg/dL) 5 70,2 + 2,00%
C (10 mg/dL) 5 72,4 +1,21°
D (15 mg/dL) 5 71,4 +2,16°
E (20 mg/dL) 5 69,6 + 1,26
F (25 mg/dL) 5 69,3+ 1,17

Note: a, b, ab different superscript letters in the results show significant
differences (P<0,05)

Based on the findings from assessing the movement of individual sperm
cells, SPSS software was utilized to conduct an analysis for normality and
homogeneity testing (p>0,05). It was followed by a one-way analysis of variance
which indicated a highly significant difference (p<0,05) in the sperm motility

percentage in Kacang goats after one hour equilibration. Based on the analysis of
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the results, it can be concluded that adding ubiquinone at different concentrations
to the egg yolk skim milk diluent had a significant effect on the motility of
Kacang goat spermatozoa after equilibration.

The results of the Duncan test, as in Table 2, show that the A group had
the lowest post-equilibration spermatozoa motility average value, namely 63,6%
and was very significantly different (P < 0,05) from the C treatment group (72,4%
) and D (71,4%) but less significantly different in B, E and F. As for each group
given the dose, the lowest percentage of spermatozoa motility was in groups A
(70,2%), E (69,6%) and F (69,3%) and was less significantly different (P<0,05)
from the treatment group B and C. The highest mean percentage of spermatozoa
motility was in the C treatment group (72,4%), followed by the D group (71,4%),
which was significantly different from the control group (P < 0,05).
Result of the Viability (%) of Kacang Goat Spermatozoa After 1 hour of
Equilibration

Spermatozoa membrane structure can be inferred from an examination of
spermatozoa viability. The strength of the spermatozoa plasma membrane
determines motility, which correlates with viability (Prastika et al., 2018). The
eosin-nigrosin staining method was employed to evaluate the viability of Kacang
goat spermatozoa after equilibration (Sun et al., 2022). The viability of Kacang
goat spermatozoa after equilibration was assessed using the eosin-nigrosin
staining method (Hiltpold et al., 2022). The desirable viability of spermatozoa is
demonstrated when adding eosin-negrosin staining to the spermatozoa; live
spermatozoa are identified by their transparent appearance as they do not absorb
the dye. The non-living sperm cells will take up the eosin-negrosin stain, showing
harm to the cell membrane and affecting its functionality. As a result, the dye
permeates into the cell and stays within it, resulting in red coloring of the sperm
cells, particularly at their heads (Susilowati et al., 2023).

Table 3. Kacang Goat Spermatozoa Percentage of Viability Results Following

One Hour of Equilibration

Groups (ubiquinone mg/dL) N Average viability (%) £ SD
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A (0 mg/dL) 5 75,4 +1,14°
B (5 mg/dL) 5 80,8 + 3,19
C (10 mg/dL) 5 80,6 + 1,67°
D (15 mg/dL) 5 81,6 + 1,78
E (20 mg/dL) 5 81,2 +1,64°
F (25 mg/dL) 5 80,2 +1,30°

Note: a, b, ab different superscript letters in the results show significant
differences (P<0,05)

Using SPSS software, the study findings from assessing spermatozoa
viability were examined to perform homogeneity and normality test analysis
(p>0,05). Subsequently, implementing One-way ANOVA onthe addition of
ubiquinone into the egg yolk skim milk diluent shown a highly significant
(p<0,05) variation in the viability percentage of Kacang goat spermatozoa
following an hour equilibration. Table 3 shows that, compared to Group B, Group
C, Group D, Group E,and Group F, the Negative Control group (A) had the
lowest post-equilibration spermatozoa viability mean value (75,4%) and was
significantly (P<0,05) different. With a significant difference from the control
group (P<0,05), the P3 treatment group had the greatest average percentage of
spermatozoa motility (81,6%), followed by the A group (80,8%), B group
(80,6%), E group (81,2%), and F group (80,2%).

Discussion

Sperm motility decreases significantly due to cold shock during the
equilibration process (Koelima et al., 2022). According to (Setyawan et al., 2019),
During the equilibration process, spermatozoa generate energy through the
breakdown of ATP within the mitochondrial envelope. This is facilitated by
specific enzymes that stimulate the release of stored energy from phosphate
bonds. Extended cold storage leads to membrane damage and prompts an
enzymatic restoration of lost ATP, ultimately leading to reduced motility in
spermatozoa. Damage to the plasma membrane can also disrupt sperm

metabolism, resulting in a loss of sperm motility (Prayogo et al., 2022).
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Based on the statistical analysis above, it has been found that adding
ubiquinone to semen diluter positively influenced the percentage of individual
spermatozoa motility after equilibration compared to the negative group (A). This
Is in agreement with previous findings and supports the utilization of ubiquinone
to enhance sperm motility has been explored by EI-Sherbiny et al., 2022,
revealing that the addition of ubiquinone can play a crucial role in sustaining
spermatozoa motility in goats. Apart from that, the addition of ubiquinone can
also maintain the quality of individual motility after equilibration in several
animals, including buffalo (Doidar et al., 2018), chickens (Masoudi et al., 2019),
and cows (Saeed et al., 2016). The research findings suggest that adding
ubiquinone to semen diluter has a positive impact on the individual spermatozoa
motility after equilibration.

Research conducted by Saeed et al. in 2016 revealed that the addition of
ubiquinone supplementation at a dose of 30 UM to frozen semen diluent
significantly improved the individual spermatozoa motility after equilibration in
both buffalo and cows. These findings highlight the potential impact of
ubiquinone on maintaining sperm motility, suggesting its relevance in
reproductive technologies for these animals. Where it can maintain individual
motility up to 73%, the addition of ubiquinone to frozen semen diluent can
increase metabolism and increase the synthesis of Adenosine Triphosphate (ATP),

which is an essential energy-rich component used for spermatozoa motility.

Adding ubiquinone to the egg yolk skim milk diluent increased the
percentage of spermatozoa viability after equilibration according to the statistical
study presented above. This study validates other research showing that
ubiquinone supplementation can preserve spermatozoa viability in goats (El-
Sherbiny et al., 2022). Additionally, after equilibration, ubiquinone can preserve
the viability of spermatozoa in a variety of animals, such as wild boar (74%;
Pindaru et al., 2014), buffalo (59.53%; Doidar et al., 2018), chicken (68%;
Masoudi et al., 2019), cattle (73.90%; Saeed et al., 2016), and horses up to
83.80% (‘Yousefian et al., 2018).
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According to (Saeed et al., 2016), adding ubiquinone at an appropriate
concentration of 30uM to frozen semen diluent is the most effective dose in
sustaining the percentage of post-equilibration spermatozoa viability in cattle. It
can keep spermatozoa viable for up to 76% of the time. The antioxidant
ubiquinone in frozen sperm diluent can suppress the development of
hydroperoxides, protecting the plasma membrane from oxidation during the
equilibration process. By inhibiting lipid oxidation in the sperm cell membrane,
the integrity of the plasma membrane is preserved, allowing sperm cells to
withstand freezing (Olivieri, 2019).

Thus, the findings of this study are consistent with previous findings that
the addition of ubiquinone to frozen sperm diluent has an effect on preserving
spermatozoa viability parameters after an hour equilibration with the most optimal
additional dose, namely 25 mg/dL, with an average percentage of spermatozoa
viability reaching 81,6%.

Result of the Sperm’s Membrane Integrity (%) of Kacang Goat Spermatozoa
After 1 hour of Equilibration

The spermatozoa membrane's condition maintains control over water
transport to prevent external fluids from entering the cell, ensuring membrane
integrity (Lestari et al., 2014). Membrane integrity evaluation is an examination of
the integrity of the spermatozoa membrane, which controls the motility, viability,
and transport system of spermatozoa (Suryaningsih et al., 2020). Spermatozoa
with excellent membrane integrity have curved tails or swelling of the
spermatozoa Figure 1., whereas spermatozoa with low membrane integrity have
straight tails or do not bulge (Susilawati, 2011). Table 4 display the result of the
Sperm’s Membrane Integrity (%) after an hour of equilibration.

Table 4. Kacang Goat Spermatozoa Sperm’s Membrane Integrity Results

Following One Hour of Equilibration

Groups (ubiquinone mg/dL) N Average Membrane Integrity

(%) + SD
A (0 mg/dL) 5 67,6 +1,81°
B (5 mg/dL) 5 70,4 + 1,142
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C (10 mg/dL) 5 70,2 + 1,09%
D (15 mg/dL) 5 72,6 £+ 1,67
E (20 mg/dL) 5 71,2 +1,78°
F (25 mg/dL) 5 71 + 1,58

Note: a, b, ab different superscript letters in the results show significant
differences (P<0,05)
Table 4 illustrates that the group A exhibited the lowest post-equilibration

spermatozoa membrane integrity mean value of 67.6%, showing very significant
difference (P < 0,05) compared to group D (72.6%), group E at 71.2%, and group
F at 71%, but a less significant difference in Group B and Group C. Based on the
data, the P3 treatment group had the highest average percentage of spermatozoa
membrane integrity at 72.6%, followed by P4 at 71.2% and P5 at 71%. These

values were significantly different from those of the control group (P < 0,05).

\

Figure 1. Sperm’s Membrane Integrity using hypo-osmotic swelling Test (1000x).
Notes: red arrow indicates normal membran integrity; black arrow indicates
abnormal membrane integrity

During the equilibration process, the integrity of the spermatozoa
membrane is crucial for maintaining water transport and preventing damage from
cold shock. During the equilibration process, sperm cells can be vulnerable to cold
shock, potentially compromising the integrity of their plasma membrane. During
this procedure, nitric oxide has the capability to stimulate superoxide generated by
sperm while utilizing oxygen. An excess of superoxide results in peroxidation
within the phospholipid membrane of sperm cells, leading to functional

impairment. Research reported by Susilowati et al, (2014) shows that the
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equilibration process for 1 hour can initiate up to 32% damage to the spermatozoa
membrane. The type of diluent and the duration of equilibration time are leading
factors in damaging the spermatozoa membrane (Yendraliza et al., 2019).

One mechanism by which ubiquinone reduces free radicals during
cryopreservation is through its antioxidant properties. Ubiquinone, in its reduced
form (ubiquinol), acts as a cellular antioxidant and scavenges free radicals and
reactive oxygen species, preventing them from causing oxidative damage to
cellular components (Thelin et al., 1992). Additionally, ubiquinol can also
regenerate other antioxidants, such as a-tocopherol (vitamin E), further enhancing
the cellular antioxidant defense system during cryopreservation. Ubiquinone can
also diminish superoxide radicals produced in the electron transport chain of
mitochondria (Jové et al., 2013).

This helps to prevent the formation of harmful reactive oxygen species and
protects cellular membranes from lipid peroxidation, which can lead to cell
membrane damage. Therefore, the presence of ubiquinone in its reduced form
helps to maintain the antioxidant capacity and integrity of cells during certain
condition, reducing the potential for oxidative damage and promoting successful
preservation of biological materials. MitoQ antioxidant, which contains the redox
forms of ubiquinone (reduced mitoquinol and reduced mitoquinone), can be used
as a supplement during cryopreservation to enhance the antioxidant defense
system and further reduce free radical damage (Oliver & Reddy, 2019).
Conclusion

In conclusion, the addition of ubiquinone to the frozen sperm diluent has
been found to effectively preserve spermatozoa viability, motility and membrane
integrity parameters after equilibration. Recent research has consistently
supported the conclusion regarding the beneficial effects of ubiquinone
supplementation in frozen sperm diluent. Studies have demonstrated that
ubiquinone supplementation effectively preserves sperm viability, motility, and
membrane integrity parameters following equilibration. These findings align with
previous research, which has reported positive impacts of ubiquinone on sperm

quality and viability. Moreover, current research underscores the intricate
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mechanisms through which equilibration influences sperm quality, emphasizing
its significance in fertility preservation and the success of assisted reproductive
technologies (ART).

Furthermore, ongoing research efforts continue to shed light on the
complexities of equilibration and its effects on sperm function and integrity. This
ongoing exploration underscores the importance of refining equilibration
protocols and deepening our understanding of its implications for sperm viability
and post-thaw qualities. By advancing our knowledge in this area, we can enhance
techniques and technologies crucial for successful fertilization and the
preservation of fertility, both in human and animal reproductive contexts.
Therefore, the quest for optimizing equilibration protocols remains essential for
further advancements in ART and the continuous improvement of reproductive

outcomes.
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